ABSTRACT Flight characteristics and dispersal patterns of male fall webworms, Hyphantria cunea (Drury), were investigated in three experiments: a ßight-mill experiment to estimate potential ßight metrics, a wind-tunnel experiment for daily patterns of male activity, and Þeld trials of markrecapture for estimating dispersal patterns of males in the Þeld. In the ßight-mill experiment, males had the potential to ßy over 7 km after 12 h on average and, at maximum, longer than 23 km. However, the wind-tunnel experiment revealed that a sharp peak of male response was limited to 1 h around the light-on time both in response to a synthetic sex pheromone lure and to virgin females. Thus, the actual ßight period of males is limited in the Þeld. In the mark-recapture experiment, the mean distance between recapture points and the release point on the Þrst day was Ͻ200 m in both summer and autumn. The largest number of males was captured in the Þrst concentric on the Þrst and the second day despite a few males that were captured outside the Þrst concentric. Male density seemed to be diluted uniformly and distributed outside the Þrst concentric after the fourth day. Thus, H. cunea males did not disperse over long distances, rather the dispersal range is likely to be limited to only several hundred meters (Ͻ300 m) a day because of a limited period (30 minÐ1 h/day) of male mating activity in nature.
THE DESIGN OF insect pest control requires biological information on the ßight characteristics and dispersal patterns of the adults. The success of pest management for moths using synthetic sex pheromones with mating disruption or mass-trapping will vary depending on how many adults immigrate from nontarget areas. Many cases of pest management using synthetic sex pheromone were greatly affected by male immigration (Trammel et al. 1974 , Nemoto et al. 1980 . Extensive immigration of fertile females also makes efÞcacy of the method poor (Barclay 1984) . Moreover, pest-control performance will be more difÞcult when males can mate with multiple females in the synthetic sex pheromone trapping (Barclay and van den Driesshe 1983, Jones 1998) .
The fall webworm, Hyphantria cunea (Drury), originated in North America and has spread widely over the Northern Hemisphere, including Japan. Although this species was bivoltine throughout its distribution until the early 1970s, trivoltinism has been observed in Tokyo populations (Gomi 1997) . It has become a serious pest to over 100 species of deciduous trees (e.g., cherry, plane and zelkovas) in urban areas (Ishii 1966) . Pesticides (such as fenitrothin and isoxathion) had been the primary means by which to control H.cunea, however, larval tolerance to these pesticides has evolved (Konno 1998) . Recently, H. cunea management using a synthetic sex pheromone has attracted much attention, and some trials have been undertaken to determine the efÞcacy of employing such a means of control (Natuhara et al. 1998) . H. cunea females do not disperse after a single copulation during their life time while males can mate several times (though once a day) (Masaki 1975) . Therefore, it is essential to understand the degree of immigration of adult H. cunea males into a target area and it is necessary to clarify their ßight characteristics and their dispersal patterns.
The ßight-mill system is a convenient technique used to estimate potential dispersal distance and ßight velocity of insects (Kawamoto et al. 1987) . However, the estimated ßight metrics may often overestimate actual dispersal in the Þeld, because insects are forced to ßy unnaturally in this system. As Shirai et al. (1998) reported, the actual dispersal characteristics should be comprehensively estimated in the Þeld by coupling mark-recapture experiments.
In the current study, male ßight pattern should be analyzed rather than estimating maximum dispersal distance. First, a ßight-mill system was employed to estimate the potential ßight metrics of H. cunea males. Second, we conducted a wind-tunnel experiment using the synthetic sex pheromone and virgin females to investigate temporal patterns of daily male ßight activities for mating behavior. Finally, Þeld trials of mark-recapture were conducted to determine the actual dispersal range of H. cunea males in the Þeld.
Materials and Methods
Insect Materials. Insect source populations used for the ßight-mill experiment and the mark-recapture experiment were collected as larvae in Koto-ku, Tokyo in spring 1997, and for the wind tunnel experiment in Ibaraki prefecture, 1995. They were maintained for several generations under the laboratory conditions (photoperiod of 15:9 [L:D] h, 25ЊC) with artiÞcial larval diets (Insecta LF; Nihon-Nosan, Yokohama, Japan) until the experiments.
Flight-Mill Experiment. Flight metrics of virgin male moths was determined using a ßight-mill system in a similar way as Noda and Kamano (1988) for Spodoptera litura (F.). The device had a rotor made of balsa wood (5 mm in diameter 30 cm in length), and a male moth was attached to its end by the pronotum with adhesive (Bond G17, Konishi K.K., Japan). The number of revolutions was counted by an auto-detect sensor and the recordings were stored automatically on a personal computer connected to this device.
Three groups of males were used in this experiment, considering later Þeld mark-recapture trials: newly emerged (the NE group) males (Ͻ12 h), males kept for three days (the TD group) under conditions of 15 h (L:D) (Ϸ1,500 lux): 9 h (completely dark) cycles and 25ЊC after emergence, and males marked with a ßu-orescent pigment (Keikou-Toryou; Kurachi, Osaka, Japan) and kept under a cool condition (12ЊC) for three days (the CM group). The experiments started from the last 2 h in the photophase, continued throughout scotophase (9 h), and Þnished at the Þrst 1 h in the next photophase (12 h in total), so that the period corresponded to changes from the evening through night until dawn.
The collected data were shown as the frequencies of ßight-mill revolution during every 15 min and summarized as ßight distances for 12 h, ßight duration and mean ßight velocities over 12 h. The ßight distance was calculated as a product of the number of rotor revolutions and the circumference of the rotor. The ßight duration was shown as the summation of 15-min intervals in which the numbers of revolutions exceeded 100, to avoid spurious revolutions made by a wind from the air conditioner, i.e., if it took longer than nine s for one revolution on average (15-min/100 rounds of ßight-mill), we judged this insect did not ßy for that 15-min interval. The ßight velocity was calculated from the data in this ßight duration.
Each treatment of the four insect categories was replicated 34, 24, and 28 times for the NE, the TD, and the CM groups, respectively. Statistical signiÞcance was tested by analysis of variance followed by TukeyKramerÕs test for the ßight distance, the ßight duration and the ßight velocity.
Wind-Tunnel Experiment. An indoor wind tunnel (30 cm in diameter by 2 m in length) was used to investigate daily patterns of male mating activities. Experiments were carried out under conditions of 25ЊC, Ͼ40% RH, and at a wind speed of 0.30 m/s. The adults had been kept under the same light-dark cycle and temperature conditions (15:9 [L:D] h, 25ЊC) as those of their larval stage. The light intensity during the wind tunnel experiment was Ϸ10 lux throughout for our observation.
We used a screen cage (9 cm in height, 8 cm in diameter) in which we placed the pheromone source; either four virgin females within (Ͻ2 d posteclosion) or a synthetic sex pheromone lure, a laminated plastic tip made of polyester and PET containing 6 mg pheromone components [10:1:1 mixture of (9Z,12Z,15Z)-9,12,15-octadecatrienal, (3Z,6Z)-3,6Ð9,10-epoxyheneicosadiene and (3Z,6Z)-1,3,6Ð9,10-epoxyeicosatrien; Nitto-Lure; Ameshiro, Nitto DenkoCorp]. The lure was shown to be effective by and also in our preliminary survey. The screen cage was put into the wind tunnel 1.2 m upwind from the release point of the males.
The wind tunnel experiments were conducted at either 6, 7, 8, or 9 h after entering the scotophase (light on at 9 h after entering the scotophase), and 1, 2, and 3 h after entering the photophase. Four males were simultaneously assayed in the wind tunnel to save the experimental time because males are very sensitive to the start timing of the experiment. Males were housed under the same photoperiodic conditions as the females but in a separate room. A one-time-series experiment was Þnished within 15 min. In the preliminary experiments, male attraction to the synthetic lure and to the virgin females was different, although the number of males that contacted each of the sources was not different. Males continuously tried to mate with the synthetic lure, while they abandoned their mating behaviors toward virgin females after several trials. Therefore, the total numbers of "sexual contacts" within 2 min were counted as male mating activities, instead of counting the number of males that contacted with the source. Here, "sexual contacts" is deÞned as a male coming into contact with the screen cage containing the pheromone source while displaying typical mating behaviors, such as wing fanning or exposure of their hair pencils.
We tested statistical differences among the timeseries of male activity depending on the photoperiod in each treatment by Scheffé Õs test. In addition, the Mann-Whitney U test was applied to test the difference between two pheromone sources in each observation time. The lure condition at 6 h in the scotophase and 3 h in the photophase were replicated four times and the other treatments were replicated seven times. The cage of virgin females was replaced once or twice, depending on whether females became disconcerted and started to walk around. After each replicate windtunnel experiment, the males were discarded.
Field Mark-Recapture Trials. Mark-recapture experiments were conducted twice, once in July (summer experiment) and once in September (autumn experiment) 1998 at the Hongo campus of the University of Tokyo, Bunkyo-ku Tokyo ( Fig. 1) . At this location, there are many cherry, plane, and zelkovas trees. Webs of the larvae were found on these trees
December 2001 YAMANAKA ET AL.: FLIGHT CHARACTERISTICS AND DISPERSAL PATTERNS OF H. cuneaduring the preliminary observation. We conÞrmed that this study area was a good representative for the H. cunea usual habitat. The synthetic sex pheromone lure was centered on the underside ceiling of a sticky delta-trap (with sticky surfaces of 30.0 by 18.5 cm). The lure was the same type as the one that was used in the wind-tunnel experiment. Males were marked with Keikou-Toryou and kept under the cool conditions (15:9 [L:D] h cycles, 12ЊC) for 1Ð3 d to prevent exhaustion by ßying around in small cages. 1,110 and 996 marked males were released at 12:00 a.m. on 7 July and 10 September 1998, respectively (see Fig. 1 for the release points). Recapture males were censused for all the traps 1, 2, 4, 6, 8, and 10 d after each release. Sticky sheets were replaced and brought back to the laboratory to check the males under UV light which allowed as to distinguish marked males from wild ones.
Meteorological data (temperature, precipitation, wind velocity and the direction of the maximum wind) were obtained from the Monthly Report of the Japan Meteorological Agency at the Tokyo Station of the Meteorological OfÞce (Chiyoda-ku, Tokyo) in 3 km away from the Þeld site.
Results
Flight-Mill Experiment. No signiÞcant differences were observed among the three male treatments for ßight distance, ßight duration, or ßight velocity (Tukey-KramerÕs test; P Ͼ 0.05). Marking with pigments had no negative effects on male ßight activity. However, the TD males seemed to ßy shorter distances, duration, and at a slower speed than the NE and CM (Fig. 2) . This might be due to the partial exhaustion of the TD males kept at high temperature before the experiments. To avoid male exhaustion and to collect on adequate number of males, we housed males for 1Ð3 d after emergence under the cool condition (15:9 [;sqb]L:D] h cycles, 12ЊC) and used them for our mark-recapture experiments afterward.
Initially, it had been expected that male ßight activity would be the highest around 0500 hours, the light-on time. However, most males ßew vigorously during the Þrst 2 h from the start and continued ßying intermittently thereafter. Their enforced ßight patterns appeared to have no relationship with the photoperiodic cycle of the rearing and experimental conditions.
Wind-Tunnel Experiment. Male activities showed a clear peak around the light-on time that they had experienced in the stock (Fig. 3) . Notice that the light intensity was Ϸ10 lux for our observation throughout the wind tunnel experiment. MaleÕs responses to virgin females were signiÞcantly higher at the light-on timing than during the other periods (Scheffé Õs test; P Ͻ 0.01). The males rarely responded to the virgin females 2 h or more before or after the light-on time.
Male responses at the light on timing were also highest to the synthetic sex pheromone lure (Scheffé Õs test; P Ͻ 0.01). However, a signiÞcantly larger number of contacts to the synthetic lure were observed than to virgin females throughout the course of the experiment (Fig. 3 , Mann-Whitney U test; P Ͻ 0.05). One of the reasons for this difference in behavior between the two pheromone sources was due to the cessation of virgin female calling behavior 1, 2, and 3 h after lighton. Thus, the synthetic lure can be expected to attract a greater number of males than feral virgin females in the Þeld, because the synthetic lure continues to emit pheromone (an aspect of female "calling behavior") beyond the normal mating period.
The sharp increase of male activity in the former part of Fig. 3 (6, 7, 8 , and 9 h in scotophase) suggests that males possess circadian rhythm driving their mating cycles, because every male was moved from complete darkness to 10 lux in the scotophase. However, male activities decreased sharply in the later half part of Fig. 3 (1, 2, and 3 h in photophase) . It is unclear if circadian rhythm was responsible for the decreases in the later half part of Fig. 3 , because every male, in the stock populations, had experienced the change from complete darkness to the strong light conditions (Ϸ1,500 lux) at the light-on time and, then, were placed in the wind-tunnel with 10 lux illumination. Another factor may be involved in this decrease: the strong light condition in the photoperiod stock might suppress male mating activities.
The question then arose from the results in Fig. 3 : Is the change of light conditions or is an internal mechanism (circadian rhythm) more important for the sharp decline? If only circadian rhythm is important for male activities, the sharp decrease of male activities after light-on will be the same as Fig. 3 when the scotophase was postponed only on the day of the experiment.
To test the hypothesis, we conducted an additional experiment. Males were housed under the same stock condition as in the aforementioned wind-tunnel experiment, but the end of the scotophase was postponed. Males were housed in complete darkness for the Þrst 2 h in the original photophase only on the experimental day. Four virgin females, used for the pheromone source, were kept under the same postponed scotophase conditions as the males but in a separate room. Under these conditions, males retained high mating activity for a few hours longer than the original condition after the light-on time (Fig. 3) . Obviously, a larger number of males contacted the cage containing four virgin females than in the original experiment, which shows the suppression of mating activity is inßuenced by the strong light intensity after light-on, even though circadian rhythm apparently controls the mating activity of H. cunea. In addition, those virgin females also maintained their calling activity for 1Ð2 h postponed scotophase period (unpublished data).
Mark-Recapture Experiment. Table 1 summarizes the daily recapture numbers in the summer (Table 1) and in the autumn (Table 1) experiments. Mean distances in Table 1 were calculated from the distances of release point to the recapture points weighted by the number of catches. The largest number of males was recaptured on the second day in both experiments. The mean distance from the release point to the recapture points on the Þrst day was signiÞcantly greater than those of the second day (Table 1) by Mann-Whitney U test (P Ͻ 0.05). The furthest trap which caught males on the Þrst day was N4 in the summer experiment (located 502 m from the release point), and N3 in the autumn experiment (located 380 m from the release point). No clear relationship was detected between the daily trap catches and the wind direction or precipitation (Table 1) . However, low temperatures from the Þfth day to the end of the summer experiment appeared to decrease the trap catches, considering there were no trap catches during the later half period.
Total trap catches in different directions were shown in Table 2 , when we divided the average recapture number per traps into eight directional categories (N, NE, E, SE, S, SW, W and NW; see Fig. 1 ) from the release point. There was a signiÞcant difference in trap catches among the directions both in the summer and the autumn experiments according to the chi-square test ( 2 ϭ 35.8 and 2 ϭ 281.4 in the summer and autumn experiment, respectively, df ϭ 1, P Ͻ 0.01) after we adjusted total trap catches to those per three traps. However, some traps (e.g., SE1 in Fig. 1 ) caught large numbers of males sporadically, and they might have affected the differences in trap catches for each direction.
We applied regression analysis to estimate the maximum sampling range (R S ) of the pheromone trap (Schlyter 1992, Zhang and . In our mark-recapture experiments, R S is regarded as the maximum range of male dispersal in a certain time span. We converted p into y ϭ arcsine (͌p) (p: % of males recaptured in the Þrst day) and R into x ϭ ͌R (R: distance from central release point). Then, the maximum range of male dispersal (R S ) was estimated by regression of y against x as 509.7 m (y ϭ Ϫ0.0019 x ϩ 0.0438; 95% C. L.: 297.6 m Ðϱ m) in the summer experiment, and as 651.1 m (y ϭ Ϫ0.0033 x ϩ 0.0829; 95% C. L.: 402.0 m Ðϱ m) in the autumn experiment, although r 2 in our regression analysis was not high (r 2 ϭ 0.103 in the former, r 2 ϭ 0.187 in the latter). A low r 2 is not unexpected because there were lots of zero catches and the maximum recapture percent of being trapped was under 5% on the Þrst day in both the summer and the autumn experiments. Considering the low r 2 by this regression method, we selected better histograms of the recapture data with three distance categories, the Þrst concentric (Յ120 m), the second concentric (120 Ð300 m) and outside (Ͼ300 m) (Fig. 4) . Both the summer and autumn experiments showed the same tendency: the largest number of males was captured in the Þrst concentric on the Þrst and second day in spite of a few males being observed outside the Þrst concentric. Males density seemed to be diluted and uniformly distributed to outside the Þrst concentric after the fourth day. SE1 trap was distinct from the other traps. It was located a Þne, out-look position to the release point. When the trap catches of SE1 were ignored, catches of the Þrst or second concentric traps were large, but no male was captured by the Þrst concentric traps after fourth day. 
Discussion
When we compared H. cuneas long ßight potential distance in our ßight-mill experiment with previous ßight-mill studies on long ßyer moths, H. cunea males seemed to have similar or more potential performance than migratory species such as Hellula undalis (F.) (Ͼ20 km on average within 24 h; Kawamoto et al. 1987) and Plutella xylostella (L.) (Ϸ10 km on average for 48 h; Shirai 1991), even though H. cunea is regarded as a resident species.
However, males were forced to continue ßying in the ßight-mill, because moths tend to continue their ßight unless they can grasp something with their legs. We should regard the ßight-mill results as the maximum potential ßight duration but not their natural ßight pattern. Hidaka (1972) reported that H. cunea adults began their courtship at dawn (around 0400 hours) and lasted until Ϸ0500 hours in the summer (nondiapausing) generation in Tokyo. Hidaka (1972) reported that H. cunea have another short ßight duration (about 1 h) after dusk. However, the ßight distance of adult moths at that time may be sporadic and not long enough to disperse large distance based on the pheromone trapsÕ capture data of Zhang et al. (1998) . Flight period of H. cunea males is limited to about 1 h at dawn and they probably do not achieve the their maximum potential ßight distance (Ͼ7 km) under natural conditions. The change in luminosity at dawn has been regarded as an essential factor for eliciting mating behavior (Masaki 1975 . In the windtunnel experiment, sharp increases in male sexual contacts, both to the synthetic lure and to virgin females, were observed around the light-on time (9 h after entering the scotophase) (Fig 3) . This result suggests that circadian rhythms control male mating behavior, as previously shown in H. cunea by Arai and Mabuchi (1979) . However, the additional experiment (Fig. 3) showed that they responded to the presence of a pheromone source so long as they received the slight light increases similar to the condition at dawn (0 Ð10 lux). Therefore, a slight light increase might be a trigger for the start of male mating activities, but they lost their responsiveness once they experienced a strong light condition.
Based on these considerations, it appears that H. cunea males were suggested to recognize the timing at dawn according to their intrinsic circadian rhythm, but actual male response will be activated by increasing light intensity in natural conditions, and both are in harmony. These mechanisms limit the duration of the mating ßight activity of H. cunea males to a short period at dawn (Ϸ30 min to 1 h) in nature. placed three traps and released 10 Ð25 H. cunea males distances from 30 to 250 m up from the dominant wind direction. They calculated R S after 60 h as 340 m with a 95% conÞdence interval of 190 Ð710 m according to the regression analysis. Their results correspond with the results in Fig. 4 but disagrees with our regression analysis. This discrepancy might result from our concentric experimental design in addition to our many zero-catch traps. Byers (1999) claimed that recapture data will be affected by the ßight pattern of the insects in their individual-based simulations for a concentrically mark-recapture design of bark beetles. Moths are regarded as much more sensitive to wind condition, direction, and trap disposition than beetles; therefore, it was not suitable to estimate the ßight range by the regression analysis in our mark-recapture experiment.
From the patterns of Fig. 4 , it seemed as if most of the males remained near the release point on the Þrst day, and reached the second concentric by the second day, then gradually dispersed to outside the second concentric. The tendency is more conspicuous when we cut off the SE1 trap catch data. We concluded that H. cunea males ßy Ͻ300 m per day.
One of the reasons that males ßy a short distance in comparison to their potential ßight distance may be due to their ßight behavior. In addition, to the brevity of their mating period, they do not ßy straight forward during their mating period but ßy randomly with many turns (Hirooka 1981) . Normal urban conditions such as streets, residential lights, and physical barriers (i.e., buildings) are likely to reduce their dispersal speed and range to a great extent.
From these considerations, it is reasonable to assume that the nondiapausing generation of H. cunea males ßies short distances, although they can potentially ßy a very great distance per day. Such properties of this insect make it suitable candidate for pest management using synthetic sex pheromones. Other factors that affect this method such as H. cunea population growth, spatial heterogeneity trap dispositions, and competitive effect of feral virgin females must be considered in the next study.
